Abstract A conventional solvothermal synthesis was compared to a microwave-assisted method for the synthesis of HfO 2 nanoparticles. In a microwave, the reaction could be completed in 3 h, compared to 3 days in an autoclave. In the microwave synthesis, the ensemble of particles was found to have a better size dispersion and a smaller average size (4 nm). The reaction mechanism was investigated and proof for an ether elimination process was provided. Post-synthetic modification with dopamine or dodecanoic acid permitted the suspension of the synthesized particles in both polar and apolar solvents, which is an advantage for further processing.
Introduction
Hafnium oxide is a material with a number of technologically attractive properties such as a high melting point (2,758°C), a high dielectric constant (&30), a high chemical stability, a wide band gap (6 eV), and a high neutron absorption cross section. It can play a role in the continuous down-scaling of integrated circuits since new insulating materials with a high dielectric constant are being researched to replace SiO 2 as a gate dielectric (Wilk et al. 2001; Dahal and Chikan 2012; Molina et al. 2012a, b; Rinkio et al. 2009 ). HfO 2 thin layers are highly promising as high-j dielectric layers in CMOS technology and as dielectric capacitor layers in DRAMs (Wilk et al. 2001) . Hafnium oxide layers are also used as heatresistant and highly reflective, protective optical coatings (Chow et al. 1993; Waldorf et al. 1993) , as sensors (Gruger et al. 2005; Al-Kuhaili et al. 2004) , and as photoluminescent materials (Eliziario et al. 2009 ).
In recent years, increasing research activities have been dedicated to the synthesis of metal oxide nanoparticles (Park et al. 2007; Baghbanzadeh et al. 2011) . In case where large specific surface areas are required, for instance in gas sensing or catalysis, nanoparticles offer a considerable advantage over their bulk counterpart. It is also possible to tailor material properties with these nanoparticles, yielding nanocomposites. Amorphous nanoparticles of HfO 2 were used for EUV patterning to develop inorganic photoresists (Trikeriotis et al. 2012) . Hafnia nanoparticles were embedded in a glass matrix to increase the dielectric constant (Molina et al. 2012a, b) . Recently, hafnium-based nanoparticles were grown in situ in GdBa 2 Cu 3 O 7-d coated conductors to improve the critical current of the superconductor (Tobita et al. 2012) . Even the use in biological applications should not be excluded because of the negligible cytotoxicity of HfO 2 (Field et al. 2011) .
Hafnium oxide nanoparticles have already been synthesized with a variety of methods, such as surfactant based (Dahal and Chikan 2012; Tang et al. 2004; Chaubey et al. 2012; Tirosh and Markovich 2007) , hydrothermal (Stefanic et al. 2005) , microwave-assisted hydrothermal (Eliziario et al. 2009 ), ultrasonically assisted hydrothermal (Meskin et al. 2007 ), solvothermal (Pinna et al. 2004; Pucci et al. 2009; Boyle et al. 2012; Buha et al. 2010) , precipitation , and sonochemical synthesis . However, most of these methods are unfavorable because of a long reaction time, a broad size distribution, the agglomerated state of the particles, or the large diameter. In addition, there is often need for a second calcination step to crystallize the particles which aggravates agglomeration (Chaubey et al. 2012; Boyle et al. 2012; . Some synthesis methods (Dahal and Chikan 2012; Tang et al. 2004) yield unagglomerated and crystalline (sub 10 nm) particles but have the drawback that they use large quantities of surfactants and expensive precursors. Hence, the particles are coated with these surfactants and are therefore only soluble in apolar solvents.
In this work, we envisage applications that require a monodisperse ensemble of sub 10 nm particles in a inorganic matrix. This is the case for the inclusion in, e.g., thermo-electric materials (Huang et al. 2004) or High Temperature Superconductors (HTS) (Obradors et al. 2012; Matsumoto and Mele 2010) . Due to the high chemical stability and the high melting point, hafnia is an ideal candidate for these kind of composites. In order to incorporate the nanoparticles, they need to be colloidally stable in the precursor solution of the inorganic matrix. In case of HTS, these solutions are mostly water or methanol (Obradors et al. 2012) based.
An interesting solvothermal synthesis was presented by Buha et al. (2010) . They were able to form HfO 2 particles at a low temperature (220°C) starting from the relatively economical material HfCl 4 (Buha et al. 2010) . The synthesis uses benzyl alcohol as a solvent, which is an environmentally friendly chemical that is used in the food industry. However, the synthesis of Buha et al. (2010) has some serious drawbacks such as a long reaction time, a broad size distribution, and an agglomerated state of the particles. In this paper, we present a method to overcome these limitations. To speed up the reaction and to obtain smaller size dispersions, we use a microwave-assisted solvothermal synthesis. Microwaves couple directly to the molecules in the reaction mixture, resulting in a more efficient energy transfer and an often significant enhancement of the reaction rate (Kappe and Stadler 2005; Gabriel et al. 1998; . Metal oxide nanoparticle synthesis in a microwave is already reported (Baghbanzadeh et al. 2011; Bilecka et al. 2008 Bilecka et al. , 2011 but to the best of our knowledge no literature is available for HfO 2 nanoparticles. We also investigated the reaction mechanism in both the autoclave and the microwave reaction. In contrast to the suggestion of Buha et al. (2010) , we found proof of an ether elimination reaction in the autoclave synthesis. In the microwave synthesis, several side products were identified but the principal reaction mechanism remains the ether elimination. To tackle agglomeration problems and to allow dispersion of the particles in various types of solvents, the surface of the particles was coated with either dopamine or dodecanoic acid. The post-synthetic modification of benzyl alcohol synthesized particles was already reported for iron oxide, zirconia, and indium tin oxide (Grote et al. 2012; Pinna et al. 2005) . For the first time, related approaches are reported here for hafnium oxide nanoparticles. Despite the similarities between zirconium and hafnium, we observed some profound differences.
Experimental

Synthesis procedures
HfCl 4 (99.9 %-Alfa Aesar), anhydrous benzyl alcohol (99.8 %-Sigma-Aldrich), triethanolamine (98? %-Alfa Aesar), oleylamine (80-90 % C18, 97 % primary amine-Acros), and dodecanoic acid (99 %-Sigma-Aldrich) were used without further purification. Hafnium chloride was stored in a dissicator for shortterm use and in a glove box with less than 1 ppm water for long-term storage.
To synthesize HfO 2 particles in an autoclave, the solvothermal synthesis developed by Niederberger and applied by Buha et al. (2010) was adopted. Typically 0.2 g of HfCl 4 was added to 45 mL of benzyl alcohol in a stainless steel autoclave with Teflon liner. The autoclave was sealed with screws and heated in an oven to 220°C for 3 days. The resulting precipitate was washed with ethanol and diethylether.
In a typical microwave synthesis, 4.5 mL of benzyl alcohol was added to HfCl 4 so that the final concentration was about 0.03 M. The mixture was stirred at room temperature to disperse the HfCl 4 powder in benzyl alcohol. For further dissolution, the mixture was heated in the microwave to 60°C for 5 min. Finally, the solution was quickly heated to 220°C. The microwave device was of the type CEM discover equipped with an auto sampler and IR temperature detection. A typical temperature/power/pressure profile is provided in the supporting information (SI). After reaction, diethyl ether was added and the particles were retrieved via centrifugation and dispersed in ethanol.
Post-modification with dodecanoic acid was found to yield the best result with an initial HfCl 4 concentration of 0.09 M. First, the particles were precipitated with diethyl ether and redispersed in chloroform. 40 mg of dodecanoic acid was added and stirred for 5 min. The addition of 50 lL of oleylamine yields a clear and colorless suspension. The particles were precipitated with a non-solvent and dispersed in apolar solvents.
Post-modification with dopamine was executed by adding 15 mg to the reaction mixture after microwave synthesis and stirring at 60°C. The precipitates could be redispersed in water. They were purified by adding tetramethylammonium hydroxide, centrifugation, and subsequent suspension in slightly acidic distilled water.
Analysis techniques
For Dynamic Light Scattering (DLS) and zeta potential measurements, a Malvern Nano ZS was used in backscattering mode (173°). Quantitative analysis of metals was obtained by calibration of a Rigaku CG EDXRF analyzer working with the FP quantitative analysis (RPF-SQX). TEM measurements were performed on a JEOL JEM-2200FS TEM with Cs corrector. NMR spectra were recorded with a Bruker 500 MHz AVANCE III spectrometer equipped with a BBI-probe. Qualitative GC-MS experiments were performed on a Hewlett Packard G1800B GCD and quantitative measurements for organic compounds were obtained from a Hewlett Packard 5890 CD2 GC with FID detection. Statistical analysis was performed with SPSS Statistics 19. For XRD characterization, a Thermo Scientific ARL X'tra X-ray diffractometer was used with the CuK a line as the primary source. To estimate the crystallite diameter from the XRD diffractogram, the Scherrer equation was applied
where k is the wavelength of the X-rays, h is the diffraction angle, and B is related to the width D of the Gaussian fit by
Results
Autoclave synthesis
To properly compare the microwave synthesis developed here with a conventional heating approach, first, the solvothermal synthesis of Buha et al. (2010) was executed and fully characterized. After 3 days at 220°C, a precipitate was retrieved from the autoclave, washed and suspended in ethanol. From the TEM image in Fig. 1a , it can be noted that the suspension consists of ellipsoidal nanoparticles with an varying aspect ratio between 0.5 and 0.9. Since the particles have no uniform shape, we use the effective diameter to analyze sizes and asses size distributions. This effective diameter is determined as the diameter of a 2D circle with the same surface area as the projection of the particle obtained in the TEM image. A statistical representation of the size distribution was made based on a significantly large population of particles (Fig. 1b) . This distribution matched well with the applied Gaussian fit. The average effective diameter is 5.2 nm with a standard deviation of 1.5 nm, giving a size dispersion of ±30 %. However, it is already indicated by the TEM images that the particles form large aggregates. This confirmed by DLS measurements on the suspensions (SI). Agglomeration is very unfavorable for applications where a uniform distribution of individual particles in a matrix is required. The crystallinity of the nanoparticles is confirmed by the XRD diffraction pattern, in which the monoclinic phase is recognized and the different planes were indexed, see Fig. 1c . Due to the small size of the particles, the reflections in the XRD pattern are broadened and often overlap. Nevertheless, the (-111) and the (111) reflections remain fairly isolated and their width can be associated with the diameter d XRD of the crystallites by the Scherrer equation. For the (-111) reflection, we find d XRD = 6.3 nm and for the (111) reflection d XRD = 8 nm. Although the method clearly overestimates the absolute size in this case (vide supra), it again points out the anisotropy of the particles. The observed differences of d XRD for the (-111) and (111) planes indicate that there is a larger periodicity of the (111) planes, compared to the (-111) planes. Indeed, this is confirmed by HRTEM measurements (Fig. 2) . From the Fourier transform of the image and measurements in real space, the interplanar distance was determined and related to the appropriate XRD reflection. One can now clearly see that the (-111) planes are directed parallel to the long axis of the ellipsoid and the (111) planes parallel to the short axis. Hence, the periodicity of the (111) planes is more extensive, resulting in a more narrow XRD reflection.
After synthesis, stability measurements on the suspensions in ethanol were performed and a positive zeta potential (?26 mV) was observed. Notwithstanding this high value, a considerable fraction of the nanoparticles precipitates and it was only possible to stabilize the particles in extremely diluted conditions. Even then, the particles themselves are not stabilized but rather form large agglomerates, as seen in DLS measurements (SI).
Microwave synthesis
The same conditions as in the autoclave synthesis (temperature and filling ratio) were applied in the microwave-assisted synthesis. The reaction time was systematically increased from 1 to 3 h and of each sample the reaction yield and the effective diameter were estimated via XRF and TEM, respectively. The results are displayed in Fig. 3 and it is clear that almost full yield is obtained after 3 h. This is a significant reduction in reaction time compared to the autoclave synthesis (3 days). After 2 h, the average effective diameter changes only slightly but the yield goes up from about 75 % to almost 100 %.
The microwave prepared particles have an ellipsoidal shape, as is confirmed by TEM images (Fig. 4a) . So at this point, there is no difference with the autoclave-synthesized particles. However, the average effective diameter of the microwave prepared particles (Fig. 4b) is smaller and the size distribution is much more narrow. The average diameter of the microwave particles is 4 nm compared to 5.2 nm for the autoclave particles. The standard deviation of the Gaussian fit is also reduced from 1.5 to 0.86 nm, giving a size dispersion of &20 %. So we can conclude that the microwave synthesis yields smaller and more monodisperse hafnium oxide nanoparticles than the autoclave synthesis. In addition, the reaction Fig. 1 Characterization of the HfO 2 particles, solvothermally prepared in the autoclave. a TEM image, b size distribution obtained from TEM, and c powder XRD diffractogram time is considerably shorter. Prolonged reaction times (up to 12 h) in the microwave do not yield significant changes in shape or size distribution of the particles, which indicates that the observed differences with the autoclave synthesis are not caused by different reaction times.
In Fig. 4c , XRD diffractograms of the particles at different stages of the reaction are displayed. Although the particles show already some crystallinity after 2 h, the quality of the XRD diffractogram considerably improves during the last hour of reaction. Again, the peaks are broadened extensively and show often overlap, even more than in Fig. 1c . This can be explained by the smaller average size and the smaller size distribution. The latter is important since larger particles contribute more to a sharp and clear peak. In an autoclave synthesis, the maximum effective diameter is about 8 nm while for the microwave synthesis this is 5 nm. The high crystallinity of the particles is confirmed by the high resolution TEM images where well-developed lattice fringes are visible (Fig. 5) . Again, it was found that the (111) planes are parallel to the short axis of the ellipsoidal particle, so the growth direction was not changed by applying microwave heating.
Regarding the stability of the suspension of microwave prepared particles in ethanol, an average zeta potential of ?25 mV was measured. This is about the same value as the zeta potential of the autoclavesynthesized particles (?26 mV). Hence, the microwave prepared particles do not have a significantly different colloidal stability. Additional zeta potential measurements in water were performed to estimate the iso-electric point of hafnium oxide, which to our knowledge has never been determined. To keep the ionic strength constant for all measurements, all samples contain 0.01 M NaCl and the pH was adjusted via 0.01 M HCl and 0.01 M NaOH solutions. The average zeta potential and the standard deviation at different pH values are depicted in Fig. 6 . The data are closely described by a sigmoidal function, which goes through zero at pH 8.3, thereby identifying the isoelectric point. To ensure good colloidal stability, the absolute value of the zeta potential needs to be higher than 25 mV. Therefore, we conclude from the graph that stable suspensions of hafnium oxide nanoparticles are feasible at pH values lower than 6 or higher than 10.
Stability improvement of colloidal suspensions
Although all samples which have a zeta potential of more than 25 mV should in principle be colloidally stable, large agglomerates of particles are present in suspension as indicated by DLS (SI). To obtain a suspension of individual particles, several strategies were applied. The addition of triethanolamine before microwave treatment resulted in amorphous but welldispersed hafnia particles (SI). Regarding their applications, crystallinity is however indispensable for the particles. They need to be perfectly stable and inert in, e.g., a REBa 2 Cu 3 O 7-d (RE = rare earth) precursor solution since the harsh growth conditions of the superconductor could otherwise lead to agglomeration or dissolution of the particles. Therefore, another procedure was selected. The synthesis itself was not altered but after synthesis the surface of the already crystalline particles was modified to break up the clusters in non-agglomerated particles. The advantage of post-synthetic modification over a direct surfactantassisted synthesis is that much less surfactant is needed. Dopamine has already been shown to stabilize titania and iron oxide in situ (Pinna et al. 2005; Niederberger et al. 2004a) and to provide solubility in polar solvents. Long chain carboxylic acids on the other hand were used by researchers to solubilize indium tin oxide and zirconia nanoparticles in apolar solvents after a benzyl alcohol solvothermal synthesis (Grote et al. 2012) .
We modified the surface of the synthesized particles both with dopamine and dodecanoic acid. In contrast to the case of ZrO 2 described by Grote et al. (2012) , the addition of dodecanoic acid did not bring the particles fully in suspension. It was found necessary to add a little amount of oleylamine to the solution. By following this procedure, the surface modification lasts only 5 min and yields a completely transparent solution in chloroform. It was decided to use chloroform as a solvent instead of hexane or toluene because of the high solubility of benzyl alcohol in chloroform. Hence, the desorption of benzyl alcohol during the post-synthetic modification is favored. Note that in order to obtain a completely transparent dispersion, the concentration of HfCl 4 in the initial reaction mixture is critical: 0.09 versus 0.03 M is equal to transparent versus turbid.
Post-synthetic modification with dopamine was performed in a different fashion than the procedure of Pinna et al. If the HfO 2 particles were precipitated after synthesis, it was not possible to bring them in suspension with dopamine. Dopamine was therefore added to the reaction mixture, directly after microwave synthesis and the resulting precipitate could be redispersed in water. TEM images of particles functionalized with either dodecanoic acid or dopamine are provided in Fig. 7 . From these figures, it is seen that the dodecanoic acid-functionalized particles are clearly separated on the TEM grid due to steric stabilization by the ligand. Although there is a significant improvement compared to Fig. 4a , this is less clear for the dopamine-functionalized particles.
To confirm the success of the post-synthetic modification, DLS measurements were performed. In Fig. 8 , clusters of 60 nm are visible in an unfunctionalized sample (solvent = ethanol). This is in contrast to the distribution of dopamine-functionalized particles which is centered around 10 nm. This advocates a Fig. 6 Determination of the iso-electric point of hafnium oxide, zeta potential measurements at different pH values successful post-synthetic modification. It is noted that the size is slightly overestimated. However, DLS provides a hydrodynamic diameter, not the real size. In addition, the model assumes spherical particles which is here clearly not the case. The particles functionalized with dodecanoic acid were also observed to be smaller than the clusters of as-synthesized particles (Fig. 8) . However, it was already clear from TEM images that the dodecanoic acid-functionalized particles are clearly separated.
After successfully obtaining the suspension of colloidally stable hafnium oxide nanoparticles, these particles are now ready for applications where monodisperse batches of crystalline, nanoscale hafnia particles are required. For instance, the dopaminefunctionalized particles are stable in water and can therefore be used for incorporation in HTS via waterbased approaches ).
Discussion
It is clear from the results that there are some profound differences between a solvothermal and a microwaveassisted synthesis technique whereas other features are not altered by the change of heating system. In both cases, crystalline particles in the monoclinic phase were retrieved. From high resolution TEM measurements, we derived that also the orientation of the crystallographic planes inside the ellipsoidal particles is identical in both synthesis methods. The (-111) planes are parallel to the long axis of the ellipsoid and the (111) planes parallel to the short axis. In contrast to these similarities, the reaction time in the microwave setup is much shorter (3 h vs. 3 days). The microwave-synthesized particles are also smaller and have a smaller size dispersion.
To investigate whether these differences reflect a change in reaction mechanism, we analyzed the reaction mixture of both the autoclave and the microwave-assisted synthesis. Concerning the HfO 2 synthesis in an autoclave, Buha et al. (2010) suggested a reaction mechanism based on a benzyl chloride elimination. However, the only species that we could identify in the autoclave reaction mixture, both by GC-MS and NMR analysis (SI), were benzyl alcohol and dibenzyl ether. Especially the presence of dibenzyl ether suggests a different two-step process. We propose that in the first step, a ligand exchange takes place according to Eq. 1, where the chloride is (partly) replaced by benzyl alcoholate. In the second step, the oxygen is provided to the metal via an ether elimination reaction (Eq. 2). In this equation, the ligands not participating in the reaction are represented by ''X''. This mechanism is very similar to what was proposed for the synthesis of oxide nanoparticles with alkoxides as a reagent (Pinna et al. 2004; Olliges-Stadler et al. 2010) . The observed quantity of ether (80 % of the reaction mixture) is, however, much larger than expected if only the oxide formation reaction would have proceeded. This has also been observed for a comparable SnO 2 synthesis and it was assumed that the synthesized metal oxide could catalyze the etherification (Niederberger and Garnweitner 2006) . However, a more straightforward explanation for the extensive ether formation is the acid catalyzed condensation of alcohols (Eq. 3). This reaction typically requires a strong acid and elevated temperatures. In our case, the acid (HCl) is provided by the ligand exchange reaction (Eq. 1).
GC and NMR measurements were also conducted on the microwave reaction mixture. In 13 C NMR, only benzyl alcohol and dibenzyl ether were detected (SI). In 1 H NMR, some additional low intensity resonances were observed but their interpretation was not straightforward (SI). Some authors lower the concentration of BnOH to get a better NMR signal of the other compounds (Niederberger et al. 2004b) . We however refrain from doing so since it might alter the reaction mechanism. GC-MS has a lower detection limit and could identify various new compounds that were not detected in the autoclave reaction mixture. In Table 1 , the different reaction products and their molar percentage (as determined from GC-FID) are displayed. The analysis was repeated several times so we could calculate a mean and a standard deviation. We also performed and analyzed a reaction of 0.12 M HCl in BnOH at 220°C in the microwave, where the amount of HCl used, is equivalent to a full ligand exchange of 0.03 M HfCl 4 to Hf(OBn) 4 .
From the table, it is clear that the main reaction product is dibenzyl ether, next to unreacted benzyl alcohol. As commented earlier, this is mostly likely due to the reaction in Eq. 3. Dibenzyl ether could also be the result of Eq. 2. It is noted that much less dibenzyl ether is present in the microwave reaction mixture (30 %) compared to the autoclave reaction mixture (80 %). The explanation probably lies in the shorter reaction time of the microwave synthesis.
Apart from the compounds already found in the autoclave, in the microwave HfO 2 reaction mixture (sample 1) other molecules such as benzyl chloride are present that could be elimination products of an oxide formation (Eq. 4). However, benzyl chloride is also observed in the sample with pure HCl (sample 2), see Table 1 . BnCl can be formed via Eq. 5, an S N1 reaction of BnOH with HCl. Indeed, The ''OH'' leaving group is activated by a proton and subsequently detached from the molecule. The intermediate benzylic cation is sufficiently stabilized by delocalization over the aromatic ring. Attack of the nucleophilic chloride on the cation results then in the formation of BnCl. So BnCl could be formed during oxide formation but it could also be formed by HCl which is released in the ligand exchange. This complicates the analysis. In addition, the same reasoning can be applied for all the other compounds listed in Table 1 . All are present in the sample 2.
To identify significant differences, an independentsamples T Test was performed. On the 95 % confidence level, it was concluded that the amounts of BnOH, BnOBn, and stilbene (/ À CH ¼ CH À /) are significantly different in samples 1 and 2. The lower concentration of BnOBn in sample 1, is probably the result of a slow ligand exchange while in sample 2 the full amount of HCl is already provided from the beginning of the reaction. The higher concentration of stilbene in sample 1 could mean that it is involved in the oxide formation. In the literature, the formation of 1-ethoxy-1,2-diphenylethane (/ À CH À CHðOHÞ À /) was observed in the synthesis of Nb 2 O 5 and explained by the transition state (TTS) in Fig. 9 (Niederberger and Garnweitner 2006) . We can assume that the TTS applies also in our case but in contrast to the synthesis of Nb 2 O 5 , we work in acidic medium. Hence, the formed 1-ethoxy-1,2-diphenylethane undergoes a subsequent elimination reaction to cis-stilbene (/ À CH ¼ CH À /), see Eq. 6. The mechanism for this reaction is explained in detail in the supporting information.
HfX 3 Cl þ BnO À HfX 3 ! HfX 3 À O À HfX 3 þ BnCl ð4Þ
Although the absolute amount of stilbene is too low to ascribe the oxide formation fully to that mechanism, it will probably play a role. However, the most important reason for the observed differences between autoclave and microwave synthesis will most likely be purely kinetic. In a microwave reaction, the final reaction temperature of 220°C is reached at a heating rate of 40°C/min. The oven in which the autoclave is placed has a slow heating rate of 4.5°C/min. Even when the furnace reaches the final temperature, the reaction mixture itself is not yet equilibrated. Microwaves are much more efficient since they couple directly to the molecules. This considerable difference in heating rate could have an influence on the nucleation and growth process, thereby leading to smaller and monodisperse particles in the microwave. In addition, we believe that the presence of the new compounds in the microwave reaction mixture (Table 1) could be caused by local superheating effects. This enables reactions to overcome activation energies which are too high in situations of thermal equilibrium.
Conclusion
In this paper, we report on the comparison of a microwave-assisted solvothermal synthesis of HfO 2 nanoparticles with a conventional heating system (autoclave). The results of the solvothermal synthesis of Buha et al. (2010) proved to be reproducible but we found evidence for another reaction mechanism, involving an ether elimination. Compared to an autoclave synthesis, the microwave synthesis is much faster and yields more monodisperse, smaller particles. The reaction mechanism was again investigated but the use of chlorides as reagents make the analysis very difficult. By ligand exchange with benzyl alcohol, HCl is formed and can catalyze reactions that yield the same compounds as the oxide formation reaction. In order to obtain non-agglomerated particles, post-synthetic modification was successfully performed with a dodecanoic acid or dopamine. In that way, it was possible to disperse the hafnia nanoparticles either in apolar or polar solvents for further processing. Fig. 9 The transition state to explain the formation of / À CH À CH OH ð ÞÀ /
